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A multichannel dual-comb spectroscopy (DCS) approach for high-resolution, broadband spectral
measurements is presented, demonstrating its effectiveness in studying complex atomic systems. By
implementing a photodetector array, we enhance DCS capabilities, addressing the fundamental trade-off
between signal-to-noise ratio and spectral coverage. To resolve ambiguities in frequency conversion, we
introduced a relative offset in beat-note frequency, ensuring accurate spectral reconstruction. As a proof of
concept, the absorption spectrum of samarium (Sm) vapor is investigated over a 52-nm range, and several
previously unreported absorption lines are detected. This is a step toward “Spectroscopy 2.0,” enabling
massively parallel spectroscopic measurements (including those at >100 T magnetic fields) crucial for
atomic physics and fundamental interactions research.
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Introduction. A diverse selection of atomic systems
with a range of properties is essential for optimizing
sensitivity to specific interactions of interest in fundamen-
tal physics experiments. This need is particularly press-
ing in the rapidly expanding field of search for physics
beyond the Standard Model using atoms and molecules [1].
While atomic databases provide valuable spectral infor-
mation [2], their coverage remains incomplete, especially
for rare-earth and actinide elements. The primary rea-
son for these gaps in atomic tables is the complexity of
dense atomic spectra, which present significant challenges
for both experimental measurements and theoretical mod-
eling. In Ref. [3], an approach to spectroscopy (called
Spectroscopy 2.0) is introduced, integrating three key ele-
ments: (1) a massively parallel spectroscopic tool, (2)
tunable high magnetic fields that introduce additional spec-
troscopic dimension, and (3) advanced many-body theory
enhanced by modern computational power and machine
learning.

In this paper, we take the first step toward imple-
menting Spectroscopy 2.0: development of a massively
parallel spectroscopic tool. As the core technique, we
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employ dual-comb spectroscopy (DCS), a revolutionary
method renowned for its high-resolution, high-sensitivity,
and broadband spectral measurements at remarkable speed
[4-T7].

The two optical frequency combs used for DCS typ-
ically have repetition rates on the order of hundreds of
megahertz, differing from each other by hundreds of hertz.
The beat signal between the two combs is in itself a fre-
quency comb but now in the rf domain. Each line of
this comb contains information about its “parent” pair
of optical frequencies. Detecting beat signals on a pho-
todetector allows one to obtain information about the
optical domain, enabling direct measurement of complex
spectra, for example, complex molecular spectra in the
near-infrared (NIR) range [8,9].

While DCS enables high-speed measurements within a
broad wavelength range, its efficiency is constrained by the
fundamental trade-off of the signal-to-noise ratio (SNR)
due to several factors, including shot noise, relative inten-
sity noise (RIN) of the laser and detector noise. In the case
of a dominant light noise limit, the SNR scales as

SNR ﬁ, (1)
M

where T is the acquisition time, and M is the number
of the detected teeth of the comb [7,10]. This implies
that increasing spectral coverage or reducing measurement
time inherently compromises the SNR, limiting the ability
to effectively study weak transitions or atoms in dynamic
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FIG. 1. Mapping of the incident light frequencies to the rf frequencies. (a) The general mapping method, with an example of ambigu-

ous and unambiguous data. Channel 2 (unambiguous data) and channel 4 (ambiguous data) are labeled as Ch. 2 and Ch. 4, respectively.
(b) The real data from six channels illustrates the signal along with its recorded rf frequencies and corresponding wavelengths. This data
represents Sm spectrum at 1040 °C. (c) The normalized recorded spectrum on channel 4, where ambiguity is expected (for &f, ~ 733
Hz). The blue and orange data represent spectra from different unambiguous regions. These components were separated during the
data-analysis process. As illustrated in the two smaller enlarged figures when the two spectra overlap (i), we observe two sets of teeth
with a relative offset of 283 Hz, whereas in the case of no ambiguity, we see only one set of teeth with a 733-Hz spacing (ii). Moreover
in the overlapping region, a dip in the blue spectra corresponds to a strong absorption line of samarium.

systems where short acquisition time is required. Another
limitation of DCS is the maximum optical range that can
be acquired without aliasing when the repetition rates are
fixed. The maximum optical range that can be acquired
without aliasing when the repetition rates are fixed is

2
v=fr ,
25,

@

where f, denotes the repetition rate of one of the fre-
quency combs and df, is the difference in repetition rates
between the two combs [7,11]. When the recorded optical
range exceeds Av, the beat notes of the optical frequen-
cies begin to alias each other, leading to ambiguity in the
interpretation of the data.

We demonstrate high-SNR, ambiguity-free broadband
spectroscopy of samarium (Sm, atomic number Z =
62). To achieve high SNR, we implement the approach

proposed in Ref. [10], which suggests that in scenar-
ios where noise is dominated by RIN, a significant gain
in SNR can be achieved through the use of multiple
detectors. This approach introduces additional degree of
freedom in Eq. (1), adding a linear dependence on the
number of detectors (assuming constant power distribu-
tion over the spectrum), as spectrally dispersing light onto
multiple detectors spectrally reduces the RIN contribu-
tion per detector. These detectors must be capable of
providing data separately and simultaneously in order to
preserve one of the main advantages of DCS: its mas-
sively parallel nature. By selecting the repetition rates of
the combs such that k(f;;2/2)/df; is not an integer, where

k=1,2,3,..., weintroduce a relative offset between over-
lapping rf comb teeth, effectively resolving the ambiguity
problem.

This strategy allows continued performance improve-
ment with additional detectors, up to the point where the
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dominant noise source becomes the intrinsic noise floor of
the detectors themselves. This sets a practical upper limit,
along with the spectral bandwidth of the laser emission.
Our results demonstrate that we successfully overcome key
challenges in broadband spectroscopy, probing samarium
over a broad spectral range (AA ~ 52 nm) with high SNR.
This enables the detection of several previously unknown
transitions.

Ambiguity in frequency conversion. The beat signal
between the two combs, acquired by a photodetector, con-
tains radio frequencies, and to retrieve the corresponding
optical frequencies, we must convert this rf spectrum back
into optical domain. A visual representation of this fre-
quency mapping, Fig. 1(a), can help to understand the
conversion process. To ensure that only the beat note
between neighboring optical lines is acquired, the maxi-
mum frequency in the rf domain (the vertical axis) should
be limited to < f;/2. The values iAv, [wherei = 0,1,2,...
and Av is defined in Eq. (2)] delimit ith unambiguity
region on the horizontal axis. The black vertical dashed
lines denote the optical frequency ranges captured by each
photodiode, whereas the horizontal dashed lines represent
the rf frequencies of the corresponding recorded signals.
To convert the rf spectrum we should start with the general
representation of the optical frequencies of the comb:

Vin = fceol + fi1,

Vam = fcro2 + mfy2,

)

where n and m represent the tooth numbers of correspond-
ing optical frequencies vy, and vy, of the first and second
comb, respectively, and fcpo1 2 is the carrier-envelope off-
set. In our case, we lock the system such that fcpo; =
Jceoa.

Since both combs contribute equally to each beat note,
it is necessary to select one of them to serve as a reference
for our calculation frame. We will choose the comb with
the smaller repetition rate (this is an arbitrary choice); let
us consider f,; < f,». The beat note (f;r) between pair of
teeth is

Jit = Vi — vam| = |nfin — mfial. 4)

The relationship between n and m for neighboring teeth
depends on the number of f,;/2 border crossings (j) up
to that region, such that n = m —j. By comparing these
rf frequencies with the recorded ones, we can reconstruct
the corresponding optical frequencies. However, to use
this technique, we must ensure that the f;r from different
regions are unambiguously distinguished. An ambiguity
would occur when k(f,1/2)/8f, is an integer, where k =

1,2,3, .... As shown in Fig. 1(a), channel 4 contains sig-
nals from two different regions and hence exhibits ambigu-
ity, while other channels such as channel 2 remain unam-
biguous. In an experiment, an additional complication may
arise due to crosstalk between photodiodes.

To resolve the ambiguity, we rely on the condition:

k(f11/2) /81 # (6))

where ¢ = 1,2,3,.... When this condition is satisfied,
rf combs originating from different neighboring regions
exhibit a relative offset in frequency. This offset can be
resolved in the rf domain if the acquisition time is suffi-
ciently long—specifically, longer than the inverse of the
relative offset—ensuring that the spectral resolution is finer
than the offset itself. The value of the relative offset can
be determined by comparing measured signals with sim-
ulated rf combs. Depending on the specific configuration
of f,1 and f,,, not only neighboring spectral regions, but
also more distant ones (e.g., neighbors of neighbors, and
so on), can exhibit relative offsets. As a result, several
distinct spectral regions may be mapped onto distinguish-
able rf frequencies when captured by a single detector.
The maximum number of unambiguous regions that can be
simultaneously measured on a single photodetector with-
out ambiguity can be calculated using simulated combs.
This constraint is eliminated when a photodiode array is
used, as even if identical frequencies appear in nonneigh-
boring spectral regions, they will be captured by different
photodiodes, avoiding ambiguity in the recorded data.
This effectively limits the achievable unambiguous spec-
tral bandwidth to the emission spectrum of the lasers and
the sensitivity range of the photodiodes.

In Fig. 1(b), we present the data acquired with our sys-
tem. The expected ambiguity in the spectrum as recorded
in channel 4 is shown in Fig.1(c). In this case, §f, ~733.04
Hz, so if aliasing were present, there would be only teeth
separated by §f,. However, we observe two sets of comb
lines with a relative offset of 283 Hz in the overlap-
ping region of the spectra as shown in the inset (i) of
Fig. 1(c). “Unfolding” the data as described above allows
us to attribute the spectral peaks to their correct optical
frequencies.

One of the major advantages of DCS is its small acqui-
sition time, which is

1

Tmin = 5_ﬁ P (6)

this means fast acquisition rate requires a larger &f,, how-
ever, as shown in Eq. 2, this results in a smaller unam-
biguity range. Consequently, the same optical bandwidth
detected by a photodiode will contain more unambigu-
ous regions. However, with this acquisition speed, it is not
possible to eliminate the ambiguity, as the spectral resolu-
tion is only sufficient to separate two lines within a single

L021002-3



ARAMYAN, TRETIAK, SAHOO, and BUDKER

PHYS. REV. APPLIED 24, L021002 (2025)

unambiguous region. For our method, the minimum acqui-
sition time must be at least twice as long to ensure that
at least one data point falls between two adjacent lines,
enabling the separation of rf combs. Additionally, the rep-
etition rates f,1 and £, must be carefully selected so that
the resulting relative offset is resolvable with the available
spectral resolution.

Alternatively, one can resolve this ambiguity by aligning
the system so that the crossing occurs exactly between two
channels. However, when multiple crossings occur across
the spectrum, it becomes difficult to tune the system in a
way that ensures none of the photodiodes exhibit ambigu-
ity. Instead, addressing these ambiguities during postanaly-
sis using the method described above is significantly easier
and more practical.

Experimental setup. The experimental setup (Fig. 2)
incorporates a pair of MenloSystems FC1500-250-ULN
combs locked to a low phase noise, narrow linewidth (<1
kHz) 1542-nm laser diode (RIO Planex). Then, the repe-
tition rate of each comb follows the laser diode frequency
and is stabilized to an FS725 rubidium frequency standard
(Stanford Research Systems) via the laser diode. The sys-
tem generates femtosecond pulses with repetition rates
approximately equal to 250 MHz (f,; ~ 250000240.75 Hz
and f,» ~ 250000973.79 Hz) and covers a spectral range
from 650 to 2100 nm. The outputs of the two combs
are combined using a beam splitter and passed through a
samarium (Sm) cell maintained at a temperature of approx-
imately equal to 1040 °C to produce a sufficient density
of Sm atoms at a buffer gas (argon) pressure of 330
torr (detailed information about the cell can be found in
the Appendix “Samarium Cell Description”). At the tem-
perature and pressure used, the combined Doppler and
collisionally broadened linewidth of atomic transitions (on
the order of a gigahertz) is sufficiently large, so that several
comb teeth (approximately equal to 250-MHz separation
defined by the pulse repetition rate) fall under the line pro-
file. The combined light beam is spectrally dispersed with
a grating onto the avalanche photodiode (APD) array.

Vo

\ / Hot samarium cel\
V4

4
/BS
4

FIG. 2. Schematic of the experimental setup: M, mirror; BS,
beam splitter; BD, beam dump; and DG, diffraction grating.

The APD array used in this experiment is Hamamatsu
S15249. It consists of 1 x 16 diodes with separate out-
put channels of uniform gain. In this work, only six of
them were used as a proof of principle. The array has a
spectral response range of 350—1000 nm, with peak sen-
sitivity at 620 nm. We equip each APD channel with a
dedicated transimpedance amplifier with a 125-MHz band-
width, placed as close as possible to the APD array chip,
and allowing simultaneous operation across all channels.
The common cathode was powered by a linear voltage-
stabilized power supply, ensuring low-noise performance,
particularly at high frequencies (>50 Hz). The APD of
bias voltage was adjusted to optimize the APD gain and
achieve the best possible SNR. This choice is motivated
by the low output power of the laser in the visible range,
where it is critical to ensure that the background noise
of the photodetector remains smaller than the laser light
noise. In this work, we used the same acquisition system
as described for “Apparatus A” in Ref. [12]. Specifically,
we used a two-channel digitizer (Spectrum M4i.4420-
x8) with a 250-MHz sampling rate and 16-bit resolution.
The digitizers’ clock frequency was locked to the same
rubidium frequency standard as the combs.

The system captures spectra up to 125 MHz (the
Nyquist frequency) with a resolution of 0.93 Hz. Data were
recorded in chunks of 2?8 samples per channel (approxi-
mately equal to 1.073 s of data) and Fourier transformed
on a graphics card in parallel, ensuring continuous acqui-
sition without interruptions. For simplicity, we call it a
“one-second” data record. In this work, we did not apply
any special window function to the data (a rectangular win-
dow was used). The resulting spectra were averaged using
the central processor. For details on the data-acquisition
system, refer to the Supplemental Material of Ref. [12].

The system imposes no restrictions on the number of
spectra that can be averaged. In our experiment, we aver-
aged 1000 spectra per measurement (approximately 17
min). Data from both channels were collected simulta-
neously. Since the system operates in parallel and each
channel functions independently, the number of comput-
ers with digitizers can be scaled to enable simultaneous
recording across any number of channels. The independent
systems can be synchronized using an external trigger.

The high spectral resolution reveals a scalloping pattern
between the acquisition system and the rf comb. Various
methods can mitigate these artifacts during postanalysis.
Our approach involves detecting the peaks of the teeth
in the recorded spectrum and redistributing the energy of
neighboring bins of the tooth.

Results and discussion. The incident light on each pho-
todiode had an optical bandwidth of approximately 9 nm.
As our acquisition system has only two parallel data
channels, we performed three sets of two-channel acqui-
sitions (parallel channels: 1&2 | 3&4 | 5&6), covering a
total optical range of approximately 52 nm (680 to 732 nm)
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FIG. 3. Absorption spectrum of Sm vapor at various temperatures, obtained by averaging 1000 spectra of one-second records on

channel 3, resulting in an SNR of 1100. |g) and |e) represent ground and excited states. The smaller plots show enlarged regions where
several unknown lines have been detected. The numerical values of the wavelengths for the detected strong transitions are as follows:
a—709.030 nm, b—709.314 nm, c—709.828 nm, d&—710.343 nm, e—710.653 nm, £—710.823 nm, g—711.648 nm, h—713.383 nm,

and +—714.316 nm.

shown in Fig. 1(b). To maintain a high SNR we averaged
1000 one-second recordings. The SNR varies across the
spectrum due to intensity change, as the recorded spectrum
lies on the edge of the emission spectrum of the combs.
The average SNR is approximately equal to 900, the SNR
was calculated as follows:

\/ Tooth Height> — Baseline?

SNR = , (7)
o2

where o is the standard deviation of the points between
two teeth. This approach achieves a DCS figure of merit
of M x SNR/,/T = 3.5 x 10° Hz!'/?, and constrained only
by the number of the used elements of the photodetector
array. In Fig. 3, the most interesting spectrum of the six
channels is presented, showing several absorption lines.
The high-resolution plots of this spectrum and the remain-
ing channels can be found in the Supplemental Material
[13]. We compared measurements taken at different cell
temperatures, approximately 530 °C and 1040 °C, to ana-
lyze spectral variations at low and high samarium con-
centrations. These data can also be used to normalize the
etalon effect caused by optical elements, which appear as
oscillations in the spectrum.

When compared with the existing dataset [14—16],
numerous previously unknown lines were detected. Two
enlarged subplots illustrate spectral regions with sparse
and dense transition lines. To ensure that dense spectral
regions are not misinterpreted as system noise, the data
at approximately 530 °C is provided, demonstrating that
the noise level remains consistent across different spectral
regions.

The d and i transitions, however, were not observed
in Refs. [14,16], even though the corresponding energy
levels are known. The reason lies in the nature of those
experiments: atoms were excited to higher, and even ion-
ized, states and then cascaded down to the ground state.
The transitions were detected via fluorescence emitted dur-
ing this cascade process. Transitions involving the d and
i levels may not have been significantly populated dur-
ing the cascade and, combined with their lower transition
probabilities, likely resulted in the absence of these lines
from the recorded spectra [17]. In contrast, in our experi-
ment, atoms are driven directly from the ground state by a
resonant field, resulting in strong absorption.

The numerous unidentified transition lines observed in
the spectrum arise from the inherent complexity of the Sm
atom. In addition to its intricate electronic structure, Sm
has five stable isotopes and two long-lived radioactive iso-
topes with half-lives comparable to, or exceeding, the age
of the universe. Some of these lines may also result from
two-photon excitations, which can be investigated by ana-
lyzing the dependence of the line amplitudes on the laser
power.

Conclusion. We present a successful enhancement of
the DCS technique by incorporating a photodetector array,
effectively addressing the trade-off between SNR and opti-
cal bandwidth. It also demonstrates the capability of this
technique to acquire a broad spectrum without ambiguity,
by introducing a relative offset to rf comb tooth sets from
different unambiguity regions. By acquiring data with high
spectral resolution, we were able to resolve and reconstruct
the unambiguous spectrum. Furthermore, this approach
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FIG. 4. Schematic of the samarium cell.

enabled the detection of numerous previously unreported
transition lines, highlighting its potential for discovering
unknown spectral features.

The ability of this system to acquire spectra with both
broad bandwidth and high SNR makes it a valuable tool for
Spectroscopy 2.0. The next step of this project is to design
and implement experiments at high magnetic field envi-
ronments, up to the 100 T [18,19], to explore the effects of
strong fields on atomic transitions.
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Appendix: Samarium cell description. The spectroscopy
cell design Fig. 4 is inspired by the approach of Barkov
et al. [17], and is engineered to heat solid samarium sam-
ples and generate sufficient vapor pressure for absorption
and Faraday rotation spectroscopy using continuous-wave
lasers, as well as frequency comb spectroscopy.

The cell consists of two separate volumes:

(a) Inner volume: This region is dedicated to con-
taining high-purity samarium vapor. It is formed by a
molybdenum tube sealed with optical windows and iso-
lated from the outer volume using O-rings compressed
between metal sealing rings. Molybdenum is selected for

water cooling jacket

By . thermocouples and heater
feedthrough connection flange

optical window

multilayer radiation shielding

samarium evaporation
zone

spectroscopy and heater

graphite heater chamber separator

its high melting point, low vapor pressure, and resistance
to samarium diffusion into its crystal lattice.

(b) Outer volume: The space between the outer surface
of the molybdenum tube and a surrounding CF-flanged
ANSI 304 stainless steel tube. This region houses ther-
mocouples, electrical wiring, and a graphite heater, which
is electrically insulated from the molybdenum tube by an
alumina ceramic tube.

The cell design allows the inner and outer volumes to be
maintained at different gas pressures. This enables spec-
troscopic investigation of pressure-dependent features in
samarium vapor, while simultaneously allowing the heater
to operate in a controlled argon buffer gas environment to
reduce degradation and extend operational lifetime.

To minimize radiative heat loss, the inner surface of the
stainless steel tube in the hot zone is lined with multilayer
heat shields consisting of six layers of polished stainless
steel and tantalum foil. The entire assembly is surrounded
by a water cooling jacket, which prevents overheating of
the stainless steel structure.

Optical windows and fluoropolymer gaskets are posi-
tioned as far from the hot zone as possible and maintained
at temperatures below 200 °C. Temperatures of both the
samarium evaporation zone and the flanges are monitored
and controlled using thermocouples.

The maximum temperature achievable in the samarium
evaporation zone is approximately 1300 °C, with a total
power dissipation of about 1.5 kW.
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